Nano particle deposition system (NPDS) was evaluated for the potential photoelectrode fabrication method for dye-sensitized solar cell (DSSC). TiO 2 powders as a photoelectrode for DSSC, were fabricated via NPDS and screen printing methods to compare its photovoltaic characteristics. The NPDS is a novel system for depositing ceramic and metallic powders on substrates at room temperature without using solvents by accelerating particles to supersonic velocity. The conventional method for preparing working electrodes uses TiO 2 paste where poor adhesion to the substrate and numerous steps to properly disperse the powders are the main problems. To overcome these issues, TiO 2 powders were directly sprayed onto ITO glass using the NPDS. The nano-sized TiO 2 particles were densely deposited, no adhesion problems were noted and the solar-cell properties were improved. The photovoltaic performance of a cell having TiO 2 layers first deposited by the NPDS method and then deposited by the paste method was compared to a cell fabricated only using the NPDS and only using the paste. A light conversion efficiency of 3.5% was obtained for the former cell, which indicates synergy effect of using these two methods. The screen-printing step right after NPDS deposition served to densify the TiO 2 film, which decreased the series resistance. Therefore, NPDS was found to be a promising approach for improving DSSC properties and efficiencies. [
Introduction
Recently, dye-sensitized solar cells (DSSCs) have been studied for use as a promising energy harvesting technology due to their low cost, simple manufacturing process and potential to be produced on flexible plastic substrates. 1, 2) During last decades, many approaches have been examined to improve the efficiency of converting solar energy into electrical power. However, only a few methods have focused on the fabrication of TiO 2 films to enhance their photoconversion properties.
The various methods of fabricating TiO 2 films, such as sputtering, spin coating, doctor blading, roll-to-roll production, solgel processing and electrophoretic deposition (EPD), have all been applied on transparent conductive oxide (TCO) glass. 38) Conventionally, TiO 2 films for the working electrode have been fabricated using the paste method, mixing together nano-sized TiO 2 powders, binders and solvents. 1, 9) After screen-printing, the TiO 2 film on the TCO glass is sintered to enable electron transfer. TiO 2 layers formed by this paste approach, however, require numerous time-consuming steps. 10) To overcome these issues, dry TiO 2 powders have been deposited on a rigid glass substrate. According to the studies done by S.Q. Fan et al., TiO 2 powders have been directly sprayed on TCO glass to make a DSSC by using a cold spray system under high vacuum with He as a carrier gas 11) and TiO 2 films can be also fabricated using spray pyrolysis as well. 12) In this study, Nano-Particle Deposition System (NPDS) which is a unique dry powder deposition method, was used for fabricate TiO 2 working electrode in DSSC. The nano-particle deposition system (NPDS) is potentially an outstanding way to reduce the number of steps required to make a DSSC. The NPDS provides a novel method of depositing ceramic and metallic powders on a substrate at room temperature, and involves accelerating the particles to supersonic velocity. 13, 14) Figure 1 shows a schematic diagram of the NPDS. The mechanism of NPDS is as follows; (i) To remove the impurities (water/oil) in the compressed air. (ii) The filtered compressed air mixed with raw TiO 2 powders without solvent material in an aerosol generator (The Fluidized Bed Aerosol Generator 3400A, TSI). (iii) The nano particle-air mixture flows into the nozzle and deposited on the substrate by high kinetic energy in low vacuum condition. The NPDS is an implemented version of the aerosol deposition method (ADM) and the cold gas dynamic spray (CGDS) method. 15, 16) While the ADM uses a vacuum to accelerate only ceramic powders to deposit on a substrate, the CGDS requires a highpressure carrier gas and is for metallic powders. It is difficult to deposit metallic powders using the ADM with low particle velocities, but films of metallic powders, 10 to 100 µm thick, can be deposited using the CGDS. 17) To overcome the 13) deficiencies of these two methods, NPDS was developed. It uses a relatively low carrier gas pressure and low vacuum condition. Moreover, since NPDS is a dry powder deposition system, binder removal step is not necessary, leading to an eco-friendly system. Finally, the processing temperature is relatively low compared to other deposition processes such as chemical vapor deposition. In this study, TiO 2 working electrodes were fabricated using NPDS and screen printing methods. DSSCs were fabricated using those two types of electrodes and its photovoltaic performances were compared to investigate the benefits of using NPDS for photoelectrode fabrication.
Experimental Procedure

Materials
Commercial TiO 2 powders (15 nm, anatase, NanoAmor, USA) were used as semiconductor materials for the DSSC. To compare those two methods, a paste was manufactured by mixing the TiO 2 with binders such as ethyl cellulose and ¡-terpineol. The overall thickness of the indium tin oxide (ITO) glass (12 ³/square, Solaronix, Switzerland) used for the electrode was 1.1 mm. It was coated with a film of ITO, 150 to 200 nm thick. The photosensitive dye N-719 (ruthenium 535 bis-TBA, Solaronix, Switzerland) was dissolved in acetonitrile (Samchun Chemical Industries, Ltd., Korea) and tert-butyl alcohol (extra pure, Dae-jung Chemicals & Metals Co., Ltd., Korea). Iodolyte AN-50 (iodide-based redox electrolyte, Solaronix, Switzerland) was used for the electrolyte. Sealing sheet (Surlyn SX 1170-60, DuPont, USA) was used to assemble the two electrodes.
Preparation of the screen-printed TiO 2 electrodes
To compare the photo-characteristics of the DSSC samples, screen-printing was first carried out with the TiO 2 paste. The commercial TiO 2 powders were dispersed in aqueous HNO 3 . The HNO 3 solution was then replaced by ethanol (99.99%) and centrifuged three times. Ethyl cellulose and ¡-terpineol were added to increase the viscosity, and the mixture was stirred to obtain a uniform suspension. Finally, the solvent was removed using a rotary evaporator to obtain the paste. The TiO 2 paste obtained through this process was then painted as a 1 cm 2 patch layer onto the ITO glass using the screen-printing method.
Preparation of the TiO 2 electrode using the NPDS
Dry TiO 2 powders were directly sprayed onto the ITO glass using the NPDS without binders or solvents. NPDS was composed of a nozzle, a powder supply, a substrate mounted on an XY stage and a controller for moving the substrate within a vacuum chamber. A vacuum pump and an air compressor were outside the chamber. Compressed air (0.35 MPa) was used as a carrier gas to entrain the powders and to control the powder feed rate. The gas flow rate was 20 l/min through the nozzle with its outlet area of 0.3 mm © 10 mm. The accelerated powders exited the nozzle at subsonic speed of 0.33 Mach at room temperature and were deposited onto the ITO glass due to high kinetic energy. 13, 14, 18) Deposited area was 10 mm © 10 mm which is the same as that for the screen printed TiO 2 electrode.
Deposition was done once for each sample. Table 1 shows the conditions used to deposit the TiO 2 powders using the NPDS. The process was continued until the desired TiO 2 film thickness was achieved, and then 10 s of sonication was performed to eliminate any loosely packed residues.
Cell assembly
Three types of working electrodes were fabricated to make the DSSC. Prototypes were first manufactured using the NPDS only (NPDS samples, N#), and then the screenprinting method was used to fabricate a TiO 2 layer using the TiO 2 paste (Paste samples, P#). Finally, the NPDS + Paste samples (NP#) were prepared by screen-printing the TiO 2 paste onto the top of the TiO 2 layers that had been first deposited using the NPDS onto the ITO glass. Figure 2 shows the different constructions of the three types of samples. The films fabricated by the NPDS had a rougher surface ( Fig. 2(a) ) than the ones manufactured by the screenprinting method ( Fig. 2(b) ). The NPDS + Paste (NP#) sample fabrication method leveled the rough surfaces ( Fig. 2(c) ). The thicknesses and densities of the TiO 2 films for the working electrodes varied according to the number of depositions done via NPDS and screen-printing. After deposition of working electrode, annealing is conducted for 1 h at 500°C in air atmosphere. Table 2 indicates how each of the samples was made.
The process used to fabricate the DSSC was as follows: a dye solution (0.5 mM) was prepared by diluting N-719 (Ruthenium 535 bis-TBA, Solaronix, Switzerland) in acetonitrile and tert-butyl alcohol (volume ratio 1 : 1). The TiO 2 electrode was immersed in the dye solution for 24 h. The counter electrode was prepared by making electrolyte injection holes in the ITO glass. For the counter electrode, platinum film was coated onto the ITO glass by sputtering (TB-Sputter, Quorum Technologies Company, UK) at 2.5 kV and 25 mA for 2 min, for a final thickness of 8 nm. To assemble the DSSC, a sealing sheet was used to bond the two electrodes to prevent volatilization of the liquid electrolyte. The electrolyte was injected into the holes.
The deposition process was repeated to obtain high-density TiO 2 layers for the working electrodes. Three types of solar cell prototypes were prepared to compare their properties: the first DSSC samples consisted of TiO 2 layers fabricated by the NPDS, the second samples consisted of TiO 2 paste with several binders and the third samples consisted of TiO 2 layers sprayed by the NPDS followed by screen-printing with the TiO 2 paste.
The average thickness the TiO 2 layers of the cells were measured using surface profiler (Tencor instruments, P-1, USA) by collecting approximately 5000 data points. The microstructures of the TiO 2 layers of the cells were examined by field emission scanning electron microscopy (FE-SEM, Hitachi, S4800, Japan). The currentvoltage (IV) characteristics of fabricated cell was measured using solar simulator (McScience, Polaronix K201, Korea) with Xe lamp light source at AM 1.5 condition under 100 mW/cm 2 power. The typical active area of the cell was 0.3 cm 2 .
Results and Discussion
Microstructures of the TiO 2 layers
FE-SEM was used to compare the microstructures of the TiO 2 films deposited on the ITO glass. Only the samples fabricated by the two-step process for each method were compared, i.e., N2, P2 and NP2. Figure 3 shows that the thickness and morphology of each layer varied with the fabrication method. Sample thicknesses are given in Table 3 .
The morphology of each layer was clearly distinguished in the FE-SEM images. Sample N2 showed more densely packed layers than sample P2, which had extensive porosity because of the volatility of the binders. The interface between the TiO 2 layers was readily discerned. The rough surfaces of the TiO 2 films prepared by the NPDS were filled with paste so that the TiO 2 films were more densely packed at similar thicknesses. Samples N# had a larger standard deviation in thickness compared to samples NP#, consistent with the rougher surface for samples N#.
Photo-characteristics of the DSSC
A solar simulator having a Xe lamp light source was used to obtain the photo-characteristics of the various cells. Table 3 summarizes these properties. For comparable thicknesses, the photoelectrical properties improved slightly as the number of deposition times increased. This was due to subsequent deposition processes increasing the density of the TiO 2 . The increasing fill factor (F.F.) supports this explanation: it shows decreasing cell resistances with increasing number of deposition times when using the NPDS or samples that were screen-printed (P1 to P4), thicker TiO 2 layers were obtained by increasing the number of printing times. The efficiency of the cell increased with increasing thickness up to P3, but P4 fabricated with same thickness as NP3 behaved differently. The poor cell efficiency of sample P4 indicates that TiO 2 layers that are too thick can result in poor photoelectrical properties. However, there were large differences in the current densities of P4 and NP3 in spite of their similar large thicknesses. This behavior was directly related to the cell efficiency. IV curves were measured to understand these results ( Fig. 4) : (a), (b) and (c) are for samples that were fabricated using the same methods; and (d), (e) and (f ) show the variation with the number of depositions and times for screen-printing.
Screen-printed prototypes had high current densities compared to other samples deposited via the NPDS. Nevertheless, their cell efficiencies were smaller than those for samples deposited via the NPDS because of the large series resistance of the TiO 2 paste layer. Series resistance in a DSSC Table 2 Fabrication conditions used to produce TiO 2 layers.
Sample
Fabrication condition N1 1 step of NPDS process using dry TiO 2 powder N2 2 steps of NPDS process using dry TiO 2 powder N3 3 steps of NPDS process using dry TiO 2 powder P1 1 step of screen printing process using TiO 2 paste P2 2 steps of screen printing process using TiO 2 paste P3 3 steps of screen printing process using TiO 2 paste P4 4 steps of screen printing process using TiO 2 paste NP1 1 step of NPDS process using dry TiO 2 powder + 1 step of screen printing process using TiO 2 paste NP2 2 steps of NPDS process using dry TiO 2 powder + 1 step of screen printing process using TiO 2 paste NP3 3 steps of NPDS process using dry TiO 2 powder + 1 step of screen printing process using TiO 2 paste is highly related to the contact resistance between the electrode and electrolyte, and the electrode and TiO 2 layer, as well as the movement of current through the TiO 2 particles. The main impact of the series resistance is to reduce the fill factor, although excessively high values may also reduce the short-circuit current. The porosity of the paste may affect the series resistance, and hence the fill factor and cell efficiency. As shown in Fig. 3 , the packing densities varied between samples. The cells fabricated by the paste method had a lower density than the cells fabricated by the NPDS, and this density difference was also reflected in Fig. 4 . Eventually, samples where the TiO 2 powders were deposited via the NPDS followed by screen-printing showed better photoelectrical properties than others that were fabricated by screen-printing or NPDS only. NPDS method only, resulted in the same TiO 2 thickness regardless of deposition times so that thicker photoelectrode with better properties was not achiever. However, combining with screen-printing step resulted in thicker photoelectrode so that improved photoelectrical properties were obtained. As shown in Table 3 , the maximum cell efficiency among these assembled DSSCs was 3.51% with a photocurrent density of 10.80 mA/cm 2 and 0.69 V of open-circuit voltage when the cell was fabricated by the NPDS followed by screen-printing. This sample showed improved photocurrent density by 20% compared to the cell fabricated by NPDS only. Moreover, this current density value increased by 60% compared to the cell fabricated by screen-printing only, given the same thicknesses. Using the same dye (N719) and TiO 2 powders, the photocurrent density of 16 mA/cm 2 has been reported 9) . Moreover, this efficiency is less than the currently reported efficiencies around 10% in the field of DSSC. 9) However, no TiCl 4 treatment and no scattering layer treatment done in this study, can explain lower photoelectrical properties. However, its direct comparison in its efficiency among different samples listed in Table 2 , is valuable since its fabrication process is consistent for screen-printing and NPDS process respectively. Through these comparisons, we can observe the relative impact of these processes on cell efficiencies. Therefore, combination of both methods formed high-density TiO 2 layers and showed relatively high cell efficiencies.
Conclusions
Nano-sized crystalline TiO 2 powders were sprayed onto ITO glass using NPDS, and used as the working electrode of a DSSC. The deposited TiO 2 layer was densely packed on the substrate, and no cracks were observed. To compare the influence of the NPDS on the photoelectrical properties, three types of cells were fabricated: first, TiO 2 powders were deposited by NPDS; second, TiO 2 powders were applied using the screen-printing method; and third, TiO 2 powders were deposited by the NPDS followed by screen-printing. The maximum cell efficiency among these assembled DSSCs was 3.51% with a photocurrent density of 10.80 mA/cm 2 and 0.69 V of open-circuit voltage when the cell was fabricated by the NPDS followed by screen-printing. This improvement in photoelectrical properties was due to a synergy between these two methods. The screen-printing step right after NPDS deposition served to densify the TiO 2 film, which decreased the series resistance. This study has shown that a dry TiO 2 coating process via the NPDS can improve DSSC efficiencies, and that using NPDS followed by screenprinting can improve the light conversion efficiency. In summary, NPDS is found to be a promising approach for improving DSSC properties and efficiencies.
